The initial growth and development of deciduous fruit crops, including grapevines (Vitis spp.), are supported by remobilization of nutrients that are stored in perennial tissues from the previous growing season (Oliveira and Priestley, 1988; Wermelinger, 1991; Williams, 1991) . Among them, nonstructural carbohydrates (TNC), including both starch and soluble sugars, make up the bulk part of the total reserves in a dormant vine. Total N in the form of proteins and free amino acids typically accounts for less than 2% of the dry matter of a dormant vine, of which only the proportion that can be remobilized the next spring is reserve N. On a seasonal basis, both N and TNC concentrations in storage tissues (cane, trunk, and roots) of grapevines decrease rapidly when initial growth occurs in the spring (Bates et al., 2002; Löhnertz, 1991; Schaller et al., 1989) . They remain at a low level during active shoot growth and fruit cell division. Although replenishment of both reserves begins earlier, the rapid accumulation does not take place until late in the season when other sinks slow down or stop their growth.
The effect of soil N application on vine growth, nitrogen uptake, partitioning, and storage has been examined in both potted and fi eld-grown grapevines (Conradie, 1991; 1992; Hanson and Howell, 1995; Kliewer and Cook, 1971; Löhnertz, 1988 Löhnertz, , 1991 Williams, 1991) . However, it is not known whether vine reserve carbohydrate status is also altered by soil N supply. In dormant, young apple (Malus ×domestica Borkh.) trees, TNC concentrations decreased in response to an increase in soil N supply during summer . Considering that N affects both the source capacity to assimilate carbon and the sink activity to utilize assimilated carbon in grapevines (Chen and Cheng, 2003) , it is expected that reserve carbohydrate status may respond to soil N supply. On the other hand, grapevines have more vigorous vegetative growth than apple trees, which may divert the assimilated N and carbon from partitioning into storage sinks to building vegetative structures. As a result, N and TNC concentrations may not respond dramatically to a wide range of N supply when applied during active shoot growth.
In addition to root uptake of N from soil, leaves can absorb foliar-applied urea in the fall and the nitrogen derived from foliar urea can be translocated back to storage tissues. Foliar N application in the fall signifi cantly increased N content in dormant tissues of apple (Oland, 1963; Shim et al., 1972) , pear (Pyrus communis L.) (Sanchez et al., 1990) , peach and nectarine (Prunus persica L.) (Rosecrance et al., 1998; Tagliavini et al., 1998) , and almond [Prunus dulcis (Mill) D.A. Webb] (Bi et al., 2003) trees. The effect of fall foliar N application on the reserve N level of apple trees was dependent on tree N status . The increase in tree N concentration by foliar urea spray caused a decrease in TNC concentration . Recently, it was shown that a large proportion of the decrease of carbon in carbohydrates caused by foliar urea application was recovered in proteins and free amino acids (Cheng et al., 2004a) . How grapevines respond to foliar N application in the fall is not known. If vine N and TNC concentrations do not respond dramatically to soil N supply when applied during active shoot growth due to increased structural growth, then foliar N application in the fall after shoots have stopped their growth may be more effective in altering vine N and carbohydrate status. The objectives of this study were to determine effects of N fertigation during active vine growth in summer and foliar urea application in the fall on levels and forms of N and carbon storage in young ʻConcordʼ grapevines.
Materials and Methods

PLANT CULTURE AND NITROGEN TREATMENTS.
One-year-old, own-rooted ʻConcordʼ grapevines were grown in sand culture in 18-L containers. Each vine was pruned to two nodes before budbreak. Plants were grown outdoors at Cornell Orchards in Ithaca, N.Y. (lat. 42°26´N, long. 76°29´W). At budbreak, extra shoots were removed and only two vegetative shoots were allowed to grow on each vine. Beginning from the second week after budbreak, each plant was supplied once a week with 500 mL of 10 mM N, using Peters 20N-4.4P-16.6K water-soluble fertilizer with micronutrients (Scotts-Sierra Horticultural Products, Marysville, Ohio). Starting from 22 June 2001, when new shoots were approximately 35 cm long, uniform plants were selected and randomly assigned to one of the following fi ve N treatments. Each plant was supplied twice weekly with 500 mL of a modifi ed Hoaglandʼs solution at an N concentration of 0, 5, 10, 15, or 20 mM (from NH 4 NO 3 ) (Cheng and Fuchigami, 2000) for 8 weeks until 17 Aug. No additional N or other nutrients was provided to the roots for the rest of the growing season. There were four replications at each N fertigation treatment with six vines each in a completely randomized design. All plants had stopped their terminal growth by 15 Sept. Half of the vines (12) at each N fertigation treatment were sprayed with 3% urea twice (20 and 29 Sept.) while the rest served as unsprayed controls. Foliar urea applications advanced leaf abscission by about 3 d. By 25 Oct., leaf abscission was completed across all the treatments and all the vines were moved to a cold room at 2 to 4 °C with pots for overwintering.
All the vines were pruned to 20 nodes on 26 Mar. 2002 when they were still dormant. Four vines from each of the 10 treatment combinations were destructively sampled right after pruning on the same day. Each vine was divided into 1-year-old cane, shank, and roots. All the samples were frozen at -80 °C, freeze-dried, then ground to pass 1-mm screen. A composite sample was made for each vine based on its dry matter distribution among different parts after pruning to determine the chemical composition of N and nonstructural carbohydrates.
CHEMICAL ANALYSIS OF NITROGEN AND CARBOHYDRATES. Tissue N concentration was determined by combustion analysis using a C : N analyzer (Carlo Erba NC2500, Carlo-Erba/Fisons Instruments, Valencia, Calif.). Free amino acids were extracted from 300 mg tissue sample with 7 mL 0.1 M sodium citrate buffer (pH 4.0) for 24 h at 4 °C (Oland, 1959) . During this extraction period, samples were sonicated for 15 min. The extract was centrifuged at 13,000 g n for 15 min and the supernatant was directly used in amino acid analysis after passing a 0.2-µm fi lter. For total amino acids, 100 mg tissue sample was hydrolyzed in 10 mL 6 M hydrochloric acid at 110 °C for 22 h. After filtration, the total volume was brought to 25 mL, an aliquot of which was taken to remove HCl, then dissolved in a citrate buffer at pH of 2.2. After proper dilution, 50 µL was injected into a Beckman 121 automatic amino acid analyzer, equipped with an FR-10 spherical cation exchange resin column (Beckman Instruments, Fullerton, Calif.). Individual amino acids were eluted at 54 ºC with a citrate buffer at pH 3.28 for 14 min fi rst, then at pH 3.90 for 10 min, followed by elution at pH 5.26 for 14 min. The column was regenerated with 0.2 M NaOH for 5 min, and then equilibrated with a citrate buffer at pH of 3.28 for 6 min before the next injection. Standard amino acids were added to tissue samples prior to extraction to determine the recovery of individual amino acids following the same extraction procedures above. On average, the recovery for free amino acids and total amino acids after protein hydrolysis was approximately 90% and 80%, respectively.
For soluble carbohydrates, 50-mg composite samples, with xylitol added as an internal standard, were extracted three times at 80 °C with 80% ethanol (3 mL each, 30 min per extraction). Tissue suspensions were centrifuged at 4000 g n for 10 min after each extraction, and the supernatants were combined. The extract was passed through ion exchange columns consisting of 1 mL Amberlite IRA-67 (acetate form) (Sigma) and 1 mL Dowex 50W (hydrogen form) (Sigma) to remove charged material. The extract was then evaporated to dryness at 55 °C, and dissolved in 10 mL of water. After appropriate dilution, 25 µL was injected into a Dionex DX-500 series chromatograph, equipped with a Carbopac PA-1 column, a pulsed amperometric detector, and a gold electrode (Dionex, Sunnyvale, Calif.). Soluble sugars (glucose, fructose, and sucrose) were eluted at a fl ow rate of 1.0 mL·min -1 with 200 mM NaOH for 15 min. The concentration of individual soluble carbohydrates was determined based on peak area and the calibration curve derived from the corresponding standard authentic sugar, and then adjustments were made based on the recovery of the internal standard for each sample. The tissue residue after soluble sugar extraction was dried, and then digested with amyloglucosidase at 55 °C in a sodium acetate buffer (pH 4.5) overnight to convert starch to glucose. The concentration of glucose was quantifi ed by using the Dionex. Total nonstructural carbohydrates were the sum of starch and soluble sugars.
CALCULATIONS AND STATISTICAL ANALYSIS. Nitrogen in free amino acids or total amino acids after protein hydrolysis was the sum of N from individual amino acids adjusted for recovery. The difference between total N in amino acids after protein hydrolysis and that in free amino acids was considered as protein-N. Carbon in nonstructural carbohydrates was calculated as the sum of carbon in glucose, fructose, sucrose, and starch.
Analysis of variance (ANOVA) for a 5 (N fertigation) × 2 (foliar N) factorial experiment with a completely randomized design was used for most variables measured in this study. Linear regression analysis was used for free arginine or total arginine in relation to tissue N. All the statistical analyses were performed via SAS (SAS Institute, Cary, N.C.).
Results
DRY WEIGHT OF DORMANT VINES.
Whole vine dry weight increased as N supply from fertigation increased (Fig. 1A) . Foliar urea application in the fall did not signifi cantly alter the dry weight of vines fertigated at each N concentration. Pruning to the same number of nodes slightly decreased the total dry weight of vines fertigated with high N concentrations (Fig. 1B) .
CONCENTRATIONS OF NITROGEN AND TOTAL NONSTRUCTURAL CARBOHYDRATES.
Nitrogen fertigation during the summer did not signifi cantly alter N concentration of the dormant vines ( Fig. 2A) . Foliar urea application signifi cantly increased vine N concentration across all fi ve N fertigation treatments. TNC concentration decreased slightly in response to N supply from fertigation (Fig.  2B ). Foliar urea application in the fall decreased TNC concentration at each N fertigation level, bringing the TNC concentration to a similar lower level across all the N fertigation treatments.
NITROGEN IN FREE AMINO ACIDS AND PROTEINS.
Concentration of free amino acid-N remained relatively stable across all the N fertigation treatments (Fig. 3A) . Foliar urea application in the fall increased the concentration of free amino acid-N at each N fertigation concentration. The C : N ratio of free amino acids was approximately 2, which was not altered by N fertigation or foliar urea application (Fig. 3B) .
Arginine was the most abundant amino acid in the free amino acid pool. Free arginine concentration showed a similar response to N fertigation and foliar urea application as did free amino acid-N (data not shown). The ratio of free arginine-N to total N in free amino acids remained at 0.8 over the range of N fertigation concentrations (Fig. 3C) . Foliar urea application in the fall did not alter this ratio.
The concentration of protein-N remained constant as N supplied from fertigation increased (Fig. 4A) . Foliar urea application in the fall increased protein-N to a similar level over the range of N fertigation concentrations. The C : N ratio of the proteins stayed at approximately 3.9 (Fig. 4B) , whereas foliar urea application in the fall decreased the C : N ratio of proteins to 3.5 across the range of N fertigation concentrations. Compared with free amino acids, proteins had a much higher C : N ratio at each N level (Figs. 3B, 4B) . The arginine set free by hydrolysis of proteins, responded to N fertigation and foliar urea application in a similar way as protein-N (data not shown). Arginine-N accounted for approximately 13.5% of protein-N regardless of N fertigation concentration (Fig. 4C ). This percentage was increased to 27.5% by foliar urea application across the N fertigation concentrations.
Across all the N fertigation treatments, the sum of N in proteins and free amino acids remained fairly constant except for an increase at the highest N fertigation concentration (Fig. 5A) . Foliar urea application increased the N in proteins and free amino acids to a similar level across the N fertigation treatments. The C : N ratio of the sum of proteins and free amino acids showed a similar response to N supply as that of proteins alone, but with a smaller value at each level of N supply (Fig. 5B) . The ratio of N in proteins to that of free amino acids decreased curvilinearly from 13.5 to 10.2 as N supply from fertigation increased from 0 to 20 mM (Fig. 5C ). Foliar urea application in the fall decreased the N ratio to about 7.2 across N fertigation concentrations, with the decrease being larger in vines fertigated with low N concentrations than in those fertigated with high N concentrations.
Both free arginine-N and total arginine-N (N from free arginine plus N from arginine in proteins) were linearly correlated with tissue N concentration across all treatments (Fig. 6) .
INDIVIDUAL NONSTRUCTURAL CARBOHYDRATES. Glucose and fructose concentrations showed a similar response to N fertigation and foliar urea application (Fig. 7 A, B) . Both remained relatively stable across the N fertigation treatments. Foliar urea application in the fall decreased both glucose and fructose concentrations at each N fertigation level. Sucrose concentration was not signifi -cantly affected by N fertigation or foliar urea application (Fig.  7C) . Starch concentration did not change signifi cantly in response to N fertigation except that the vines fertigated without N had a higher starch concentration (Fig. 7D) . Foliar urea application in the fall signifi cantly decreased starch concentration at each N fertigation treatment.
TOTAL CARBON IN TNC, PROTEINS, AND FREE AMINO ACIDS. As N supplied from fertigation increased, the carbon in TNC decreased slightly, whereas the carbon in proteins and free amino acids remained unchanged except for a slight increase at the highest N concentration (Fig. 8 A, B) . Foliar urea application in the fall decreased the carbon in TNC, but increased the carbon in proteins and free amino acids across the N fertigation treatments. Approximately 60% of the carbon decrease in TNC caused by foliar urea application was recovered in proteins and amino acids. The sum of carbon in proteins, free amino acids, and TNC did not change signifi cantly in response to N fertigation (Fig. 8C) .
Foliar urea application in the fall slightly decreased the sum of carbon in proteins, free amino acids, and TNC.
Discussion
Foliar urea application in the fall decreased TNC concentrations while increasing concentrations of both protein-N and free amino acid-N in young ʻConcordʼ grapevines (Figs. 2, 3, 4, 5) . Approximately 60% of the carbon decrease in TNC caused by foliar urea application was recovered in proteins and amino acids (Fig. 8) . Therefore, foliar urea application in the fall increased both nitrogen and carbon storage in proteins and free amino acids by converting some of the carbohydrates to proteins and amino acids, but decreased carbon storage in nonstructural carbohydrates.
In response to foliar urea application, concentrations of both protein-N and free amino acid-N of young ʻConcordʼ grapevines increased (Figs. 3A, 4A ), but the ratio of protein-N to free amino acid-N decreased (Fig. 5C ). This is similar to that found in young Each point is a mean with standard error of four replicates. All three dependent variables were analyzed by analysis of variance for a 5 (N fertigation) × 2 (foliar urea) factorial experiment with a completely randomized design. In (A), P value is <0.0001 for foliar urea with no signifi cant effect of N fertigation or interaction between the two (P > 0.05). In both (B) and (C), there is no signifi cant effect of N fertigation or foliar urea (P > 0.05). apple trees (Cheng et al., 2004a) . Compared with proteins, free amino acids have a much lower C : N ratio due to the presence of a higher proportion of arginine (Figs. 3C, 4C) . Therefore, partitioning a larger proportion of N into free amino acids allows more effi cient use of the carbon resource. These free amino acids are readily available for the new growth in the spring (Kang et al., 1982; Kliewer, 1967) . The highest proportion of free amino acid-N that arginine-N accounted for was approximately 80% in both young ʻConcordʼ grapevines (Fig. 3C ) and apple trees (Cheng et al., 2004a) , which led to a C : N ratio of 2 in free amino acids. Foliar urea application did not further increase this proportion in ʻConcordʼ vines (Fig. 3C) . However, the proportion of arginine in proteins increased signifi cantly in response to foliar urea application (Fig. 4C ), making N storage in proteins more cost-effective (Fig. 4B) . The close correlations between vine N concentration and free arginine-N and total arginine-N (Fig. 6 ) confi rm previous fi ndings that arginine-N is a good indicator for vine reserve N status (Kliewer, 1967; Kliewer and Cook, 1971) . Our results (Fig. 5C ) clearly showed that proteins were the main form in which nitrogen was present in dormant young ʻConcordʼ grapevines regardless of whether vines were sprayed with foliar urea or not. This is consistent with the result obtained on young apple trees (Cheng et al., 2004a) . Analysis of amino acids in proteins allowed us to estimate the C : N ratio of the proteins as a whole, but we could not determine how many proteins were present in dormant ʻConcordʼ vines and which ones played a major role in N storage. The regrowth test of the vines from this experiment indicated that approximately 40% of the total vine N was remobilized to support the new growth (shoots, leaves, and fruit) the following season for vines that received only N fertigation, and 50% for those sprayed with foliar urea (Cheng et al., 2004b) . Assuming that all the free amino acid-N is reserve N and the remobilization rates above are applicable to protein-N, the ratio of protein-N to free amino acid-N (Fig. 5C ) would still indicate that proteins are the main storage form of N with free amino acids of secondary importance. These storage proteins are hydrolyzed in the spring to provide amino acids for the new growth. Kliewer (1967) found that concentrations of free amino acids in roots and woody tissues of ʻThompson Seedlessʼ grapevines increased during dormancy, reached a maximum just prior to budbreak, and then decreased rapidly during the period of active vine growth. A similar pattern was also observed in apple trees (OʼKennedy et al., 1975; Oland, 1959; Tromp, 1970) .
Compared with foliar urea application in the fall, increasing N supply from fertigation during active vine growth in summer did not signifi cantly increase vine N concentration ( Fig. 2A) . This response is similar to that obtained with young almond trees (Bi et al., 2003) and poplar (Populus spp.) cuttings (Dong et al., 2004) , but different from that of young apple trees . Apparently, young ʻConcordʼ grapevines invest more N into structural growth when N is available during active vine growth, resulting in nearly proportional growth to N supply (Fig. 1A) , which, in turn, keeps the vine N concentration largely unchanged. Only when growth slows down or stops, will N supply signifi cantly increase vine N concentration. This may explain why foliar urea application in the fall was so effective in improving vine N status. Another reason that we did not see a signifi cant increase in vine N concentration in response to N fertigation is that no additional N was provided to the roots of the vines during the postfertigation period. It has been demonstrated that N uptake during the postharvest period accounted for 27% to 34% of the total annual N uptake (Conradie, 1980 (Conradie, , 1986 and provided 60% of the stored N for the next season for ʻChenin blancʼ grapevines grown in a warm climate with a long postharvest period (Conradie, 1992) . Lack of N supply in sand culture late in the season in our study may have prevented the vines from taking up N that would be primarily used for storage, although New York has a much shorter postharvest period than South Africa and the contribution of this soil-applied (derived) N in the fall would be expected to be smaller. Therefore, vines grown in the fi eld may respond to soil N supply in a less extreme manner as we observed with nonbearing vines in sand culture.
The signifi cant decrease in TNC in response to foliar urea application in the fall (Fig. 2B) clearly showed that assimilation of inorganic nitrogen uses carbohydrates for carbon skeleton and energy supply (Faust, 1989; Taylor et al., 1975) . It is interesting to note that sucrose was the only nonstructural carbohydrate that did not decrease in response to foliar urea application in the fall (Fig.  7C ). This contrasts with that found in young apple trees, where sucrose concentration was decreased by foliar urea application. Of the carbon decrease in TNC of ʻConcordʼ vines in response to foliar urea application, approximately 40% was not recovered in proteins and free amino acids, which may have been used by other processes, including respiration. Each point is a mean with standard error of four replicates. All three dependent variables were analyzed by analysis of variance for a 5 (N fertigation) × 2 (foliar urea) factorial experiment with a completely randomized design. In both (A) and (B), P values are <0.0001 for foliar urea, with no signifi cant effect of N fertigation or interaction between the two (P > 0.05). In (C), P value is 0.0004 for foliar urea with no signifi cant effect of N fertigation or interaction between the two (P > 0.05).
